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The feasibility of using automated ultrasonic examination with 
computer-based pattern-recognition techniques to inspect partially 
completed welds on a pass-by-pass hasis is investigated. In these tests 
welds are inspected, as they are being made, by an automated ultrasonic 
search unit attached to the weld head. Flaws are intentionally made in 
the weld. An analysis of the ultrasonic data collected during this 
process shows that the flaws can be reliably distinguished from good weld 
and, further, that two different types of flaws can be differentiated 
from each other. From this analysis a practica! concurrent inspection 
system is shown to be feasible. 
WELD SAMPLE DESCRIPTION 
A gas tungsten arc welding procedure was used for joining a 1/2-in. 
thick, 4 ft length of Type A36 carbon steel plate with a 37 1/2° bevel. 
A good root pass was made and then several fill passes. During the fill 
passes the operator purposely changed welding parameters to produce 
flaws. Two basic types of flaws were produced: porosity and 
lack-of-fusion (LOF). Porosity was obtained by reducing the 
shielding-gas flow around the arc and fanning the arc to produce air 
bubbles in the weld metal. Since LOF occurs when weld metal does not wet 
and fuse with the parent metal in the sidewall of the weld, potential LOF 
sites were produced by reducing the weld current and causing the torch to 
mistrack to one side. This produces a groove or hole which may not 
properly fill on the next fill pass, thus leading to LOF. 
A partially completed weld has several geometric reflectors which 
must be distinguished from possible flaw reflectors. Normally the scund 
beam comes in at an angle to the surface of the part (Figure 1). The 
reflection from the bottom usually is specular with little energy sent 
back to the transducer except when the sound beam intersects the weld 
root, where the irregularities in the surface result in a significant 
reflection back to the transducer. The top corner of the weld 
preparation and the corner at the top of the fill are additional 
geometric reflectors which must be accounted for. LOF flaws will be 
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Weld root 
Fig. 1. Schematic of the ultrasonic beam path used in the concurrent 
inspection system. 
very close to the top of the fill and reflections from this kind of 
defect could be difficult to distinguish from the benign geometric 
reflectors. 
The system used to inspect these partially completed welds was 
developed at the Idaho National Engineering Laboratory (INEL) by the 
Nondestructive Evaluation (NDE) Branch for use in automated inspections 
in the nuclear power industry. The Automated Ultrasonic Test (AUT) 
system consists of a computer-controlled ultrasonic search head and 
computer software for producing ultrasonic images of the inspected 
volume. The search head (Figure 1) is a liquid-filled tire with a 
transducer mounted inside. The transducer can move parallel to the axis 
of the tire and is capable of two additional independent angular 
motions. A fourth degree of freedom is obtained by sliding the tire 
assembly over the part being inspected. 
During data collection the transducer is moved back and forth in a 
direction perpendicular to the weld as the tire slides along parallel to 
the weld so that data from a number of different transducer positions can 
be analyzed. This procedure allows the best transducer position to be 
determined for a particular pass. The best position depends on the 
amplitude of the echoes from the flawed weld relative to that from the 
good weld. This in turn depends on the depth of the particular pass and 
the position of the geometric reflectors in the partially completed weld. 
The data acquisition system is controlled by an LSI 11/23 computer, 
a small, flexible microcomputer. The computer is mounted in a Computer 
Automated Measurement and Control (CAMAC) crate. The CAMAC system allows 
a relatively simple interface between the computer and the data 
acquisition and control system. The computer communicates through the 
CAMAC dataway with the motor controllers, counters for the encoders, the 
timing generator, and the transient digitizer. On command from the 
computer, the motors are moved to the required position and the encoder 
counters are read out, recording the actual position of the transducer. 
Then the computer signals the timing generator to start the acquisition 
process. The timing generator sends a trigger signal to the 
pulser-receiver which then pulses the transducer. After a specified 
delay the timing generator sends a stop signal to the transient digitizer 
and the data are read out by the computer and stored on the mass storage 
unit. 
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Figure 2 shows A-scan data taken at a LOF site, a porosity, and a 
region with no flaws. The most obvious difference is the amplitude of 
returning echo. Echoes from the flawed area are larger than those from 
the unflawed area. This effect is enhanced in these data by turning the 
transducer four degrees from perpendicular to the edge of the weld 
preparation. The benign reflections from the corners of the weld and 
weld preparation are reduced since these are mostly specular in nature. 
The reflections from the LOF sites are more diffuse and return a large 
signal to the transducer. However, the size of the signal alone is not 
enough to distinguish the two reflectors reliably. Other, more subtle, 
differences must also he used. These differences are automatically 
picked out using the pattern-recognition techniques; these techniques can 
also discriminate between porosity and LOF. 
Lack of fus,on 
Fig. 2. A-scans of flawed and good weld. 
ANALYSIS METHOD 
Normally data collected by the AUT system are analyzed by creating 
ultrasonic images of the inspected volume. The generation and analysis 
of these images requires much time . For the concurrent inspection system 
this me thod is no t viable because flaws must be detected in real-time and 
f laws must be distinguished from benign reflectors. 
One potential solution is to use pattern-recognition techniques on 
the A scan. If the patte rn of the A-scan signal from a flaw is 
significantly different from that from the geometric reflectors, it could 
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be distinguished by the appropriate computer algorithm. Such a method 
could work in near-real time, thus solving the difficulties with the 
imaging technique. 
In this pattern-recognition system a set of numbers, called 
features, is calculated for each incoming A scan. These are then 
compared with a reference set of features lvhich have been obtained from A 
scans of known flawed and unflawed areas. A decision is then made as to 
whether the features of the incoming A scan best match those of the 
flawed and or unflawed areas. The decision is based on the Euclidean 
distance between the features of the test A scan and the centroid of each 
reference set. The A scan is then classified as belonging to the set to 
which it is closest. 
FEATURES 
Autoregressive and autocorrelation coefficients were used in the 
early pattern recognition systems [1,2]. These coefficients were 
extremely time or amplitude dependent and resulted in a system that was 
not robust. The human eye-brain combination is excellent for pattern 
recognition. During the course of this investigation the researchers 
learned to discriminate between porosity and LOF by looking at the A 
scans on an oscilloscope. Following Reference 3, which describes a 
pattern-recognition system based on cues humans used to identify sounds, 
we decided to try a similar tactic. 
First, the cues used to discriminate the two types of flaws were 
identified. In general the LOF signal is of greater amplitude than that 
from porosity, and is a replica of the original waveform from the 
transducer. The porosity signal consists of several reflections from the 
bubbles in the porosity, which overlap resulting in many cycles in the 
waveform. The A-scan signal from good weld will have no amplitude above 
a threshold. 
The pattern-recognition features chosen are described in Table 1 
along with some input parameters required for the feature calculation. 
Three of the input parameters are related to the actual gain of the 
system for a particular test run. Threshold #1 is used to provide a 
minimum threshold value to eliminate small noise signals from the 
analysis. Threshold #2 is used to discriminate between the high 
TABLE 1. Features From the Human Pattern-Recognition Syst:em 
Features 
Three highest amplitudes above Threshold #1 (multiplied by the gain 
weighting factor) 
Two largest groups of cycles (using range for consecutive cycles) 
Number of bins with amplitudes above Threshold #1 
Number of bins with amplitudes above Threshold #2. 
Inp·ut Data 
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Threshold lfl 
Threshold #2 
Gain Weighting Factor 
Range for Consecutive Cycles. 
amplitude LOF signals and the lower amplitude porosity or geometric 
reflector signals. The gain factor is used to weight the first three 
features, which are amplitudes, so that different test runs can be 
compared even if the gain settings on the amplifiers were different. 
The final input parameter is used to define how many cycles there 
are in an echo, and therefore to discriminate between porosity, with many 
cycles, and LOF with few cycles. The data acquisition system obtains 
samples every 50 ns and the expected time between cycles for the 
transducer used is about 400 ns. Thus each cycle is expected to be about 
8 data points (400 ns/50 ns). To determine how many cycles are in a 
group, a positive peak is located and the data are checked to see if 
there is another positive peak above Threshold #1 in the next 8 data 
samples. This process is repeated until a peak is not found; this 
determines the number of cycles in the group. The range for consecutive 
peaks is actually chosen to be 10 to allow for small variations in the 
signal frequency and interference among the many reflected signals. 
The feature "three highest amplitudes above Threshold Jfl" is used to 
identify the LOF A scans since the LOFs have higher amplitude signals. 
The cycle count of the two largest groups of cycles in the A scan is 
determined by the number of consecutive peaks or cycles within the range 
defined by the input parameter for consecutive peaks; for LOF signals and 
geometric reflectors these should number six to eight. From previous 
observations it is expected that the porosity signals would be about 
double this number. For the last two features the A-scan data is divided 
into a number of segments or bins and the number of bins with values 
above Threshold #1 and Threshold #2 is calculated. 
Table 2 shows the results of a computer program designed to. 
calculate these features. The means of the feature values for three sets 
of data corresponding to signals from good weld, from porosity, and from 
LOF are presented. The good weld signals in this example do not contain 
any geometric reflectors. The amplitudes are as expected, with the LOF 
signals being the highest, the porosity signals next, and the good weld 
signals significantly lower than any flawed weld signal. This provides a 
good discrimination between the good weld signals and those from the LOF 
and porosity. 
Using this feature system also allows for more refined tuning of the 
pattern-recognition system. For a particular use, economic factors may 
TABLE 2. Mean Values of Features 
Flaw Type 
Three largest amplitudes 
Length in cycles of the 
two largest groups 
Number of bins above: 
Threshold #1 
Threshold 1F2 
Good 
5.6 
3.4 
2.3 
1.6 
0.4 
2.0 
1.6 
Porosity 
23.0 
20.2 
17.4 
8.4 
4.0 
7.5 
1.6 
LOF 
44.3 
37.5 
26.5 
7.8 
4.9 
11.3 
2.9 
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favor allowing a few false calls if that 
all flaws have been found or vice versa. 
be easily adjusted to fit either case. 
increases the probability that 
The user-input thresholds can 
RESULTS 
The results of the inspections are given in two different formats. 
In the first, only the flawed areas of the weld are analyzed. The numher 
of flaws found, numher of flaws missed, and numher of false calls (flaws 
indicated by the inspection system but not confirmed by radiography or 
destructive evaluation) are given along with the percentages of correct 
calls. This analysis is presented both with and without dividing the 
flaws into type (porosity or LOF). This format, then, indicates how well 
the system identified the flawed areas of weld. The second format has 
been designed to provide information about both good and flawed areas of 
weld. The weld is divided into 1 in. segment~ and each segment is 
radiographically determined to be good or flawed weld and compared to the 
call of the pattern-recognition inspection system within that segment. 
These data are summarized in Table 3 and include four different 
tests covering 142 in. of weld. Each set has a slightly different gain 
setting. In addition, two of the sets are over the same part. The first 
of the two was obtained during the pass in which the flaws were 
deliberately introduced into the weld. The second was taken on the next 
pass which covered those flaws. 
TABLE 3. Results Using Features Derived from the Human 
Pattern-Recognition System 
-----"---------"----~-------------------------
Analysis of Flawed Areas: 
Total 
Total Numher Number Correctly Total Number 
of Flaws Identified % Missed 
All Flaws 39 36 92 3 
LOF 19 12 63 o 
Porosity 20 14 70 3 
Analysis of Inches of Weld: 
~d 
A Good Flaw :S:' A Good Porosity 
Good 87 8 Good 87 6 
Flaw 3 44 Porosity 3 16 
LOF o 8 
False call rate = 8/95 = 8% (for 95 in. of good weld) 
Missed flaw rate= 3/47 = 6% (for 47 in. of flawed weld) 
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False 
Calls 
8 
2 
6 
LOF 
2 
4 
16 
Three flaws are missed. Two of these misses are the same flaw, 
observed once while the flaw was being made and also on a subsequent 
cover pass. This flaw is a porosity which consists of five bubbles 
spaced about 1/4 in. apart (as observed on the radiograph). Such a flaw 
is not typical of a rejectable porosity which normally consists of tens 
of bubbles in a length of 1/8 to 1/2 in. The other missed flaw is an 
extended porosity (3/4 in. long) which is classified correctly over only 
about half of its length. 
There were eight false calls. Three false calls occurred at 
positions which are 13 in. behind the weld torch when the weld parameters 
were varied to make an LOF. Varying these welding parameters may have 
caused some electrica! interference giving some spurious signals in the 
A scan, thus leading to the false calls. This hypothesis has not been 
confirmed. 
A manual ultrasonic inspection at the location of two of the other 
false calls also shows an indication of a flaw. Although nothing could 
be seen on the radiograph at these locations, subsequent destructive 
examination revealed a few very small intergranular cracks in these 
regions. The cause of these flaws and their significance from a 
fracture-mechanics standpoint is not known. However, the ultrasonic 
system did find these flaws which could not be detected on the radiograph. 
If the hypothesis about the electrical interference from the welder 
is correct, and if the two cracked areas described above are accepted as 
correct flaw calls, then the number of false calls is reduced from eight 
to three. This corresponds to a false call rate of three over 93 in. of 
good weld or three percent. Similarly if the five bubbles of porosity 
are accepted as good weld, then the number of missed flaws is reduced to 
one. This corresponds to a missed flaw rate of one flaw over 47 in. of 
flawed weld or one flaw out of 41 (including the two areas of cracking). 
The system did not do as well in discriminating between porosity and 
LOF, mainly because the computer program that calculates these features 
failed to give the correct feature values for the number of cycles or 
peaks in a flaw signal. This can be corrected to provide a good means of 
discriminating between porosity and LOF. 
CONCLUSIONS 
Several requirements for commercial applications must be addressed. 
A field system would have to be durable, robust, and easy to operate for 
use in weld shops and yards. The field unit must be designed so that 
couplant use is minimized and it is cleaned up behind the search unit. 
Welding procedures that require preheat of the base metal will require a 
design that accounts for all problems of operating at such temperatures, 
including couplant, mechanical expansion, transducer operation, and sound 
path distortion due to temperature gradients. Other, straightforward, 
engineering problems also need to be addressed including calibration, 
operating procedures, operator training, alignment maintenance and 
tolerances, noise and electrica! interference isolation, real-time 
analysis, and transducer configuration. 
The lahoratory investigation shows that a practical concurrent 
inspection system is feasible. Such a concurrent inspection system would 
reduce energy consumption and increase productivity in automatic welding 
by permitting repair of weld defects on a pass-by-pass hasis. 
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